The detection probability of rupture events in AFM force spectroscopy measurements presents a viable alternative to standard methods for extracting kinetic parameters of dissociation. The detection probability has a maximum as a function of the probe velocity where (1) the probability to form a molecular bond is independent of the probe velocity and (2) the detection of rupture events is limited by noise and performed with a constant density of data points per distance of the probe displacement. This newly developed model indicates that the optimal detection velocity is independent of dissociation rate and depends on the distance to the barrier kinetic parameter. Therefore, the kinetic parameters of bond dissociation can be extracted from the dependence of detection probability on probe velocity and the detection threshold. This approach is sensitive to low rupture forces and therefore is complementary to the common most probable force data analysis approach. The developed approach is tested using rupture forces measured with specific bonds between biotin and streptavidin and with nonspecific bonds between linear alkanes in water. Results for the analysis of specific bonds rupture are consistent with the previous measurements, suggesting that rupture forces spanning a wide range of values originate from the same binding potential. Kinetic parameters obtained for linear alkanes are significantly different from previous measurements suggesting possible heterogeneity of the bound state.
Introduction
Single molecule dynamic force spectroscopy quantifies the potential of mean force between molecules. Because measurements can be performed in various media and pairwise interactions can be studied directly, this experimental technique is becoming a valuable analytical tool of physicochemical and biophysical research.
1-10 In these measurements, interacting molecules are connected to two opposing surfaces that are brought into contact and then separated. During separation the rupture forces at different velocities of separation are registered and analyzed by suitable theoretical models. 2, [11] [12] [13] [14] [15] [16] [17] [18] [19] The successful application of theoretical models requires that the rupture events detected in experiments mainly come from the ruptures of individual physical bonds. The detection of interactions between individual molecules requires sparse attachment of the molecules to the interacting surfaces. Therefore, over many contacts between the surfaces, the detection of a bond rupture should be an infrequent event. The probability to form a molecular bond depends on grafting density at both surfaces, on rate of association reaction, and on contact time available to establish a molecular bond. 20 Analytical models have been developed to predict binding probability for tethered molecules that are free to diffuse in solution. 20, 21 On the basis of these models, it might be expected that the detection probability of rupture events should be independent of the probe velocity if the interacting molecules are adsorbed to the surfaces and cannot explore the solution volume near the attachment point. 20 In contrast to this expectation, our force spectroscopy experiments that use hydrophobic alkanes tethered by water-soluble linkers indicate that the probability of detection of individual ruptures as a function of the probe velocity is bell-shaped. 22 In this article, a model is proposed for the dependence of the detection probability on the probe velocity for the surface-adsorbed molecules and for experiments when the probe spends a relatively long time in contact with the surface. Predictions by this model are consistent with the observed dependencies. The developed analytical model relates kinetic parameters of the dissociation reaction and the detection probability dependence on probe velocity and on force detection threshold. This method of analysis is sensitive to low rupture forces and therefore it complements the common data analysis method that uses the most probable rupture forces. originate from the same potential of mean force or from different potentials thus reporting on heterogeneity of the system under study. The developed model is used to fit the detection probabilities and to extract kinetic parameters of ruptures between specific biotin-streptavidin receptor-ligand bond and nonspecific interactions between linear alkanes in water. Comparison with the previously reported parameters indicates that this detection probability-based data analysis approach in combination with other currently used methods might reveal binding heterogeneity even when distributions of rupture forces significantly overlap.
Theoretical Model
In this section we develop a model of the detection probability of rupture events. We then show how the noise-limited detection probability can be used to extract kinetic parameters of dissociation.
2.1. Binding Probability of Tethered Molecules. Consider a case where a tethered molecule (a ligand) is free to move in solution and during its diffusive motion might encounter a receptor molecule bound to the substrate as illustrated in Figure 1A . It has been suggested that for such a case the binding probability during one approach-withdraw cycle of the AFM probe can be estimated by 20 pðrÞ
Here r is the displacement of the receptor from the projection of the fixed tether end onto the substrate (see Figure 1A ), k(d) is the distance-dependent rate of the receptor-ligand bonding, t dwell is the dwell time the probe spends in contact with the surface, d is the time-dependent distance between the receptor and the attachment point of a ligand, τ is time of up-down probe motion, z 0 is the maximum probe distance from the substrate where the receptorligand binding is still thermodynamically favorable, and v is the probe velocity. Here we assume that the bond lifetime significantly exceeds (t dwell þ 2z 0 /v); the factor of 2 on the right-hand side of eq 1 indicates that binding might occur during the approach or withdraw motion of the probe. For short tethers, the binding probability depends on the rate of association and is independent of the probe velocity. 21 Therefore, for experiments with insoluble molecules (see Figure 1B for illustration) binding probability is expected to be the same for different probe velocities. In addition, the time that the tip rests on the surface has two components: t dwell = t 0 þ 2δ/ν where t 0 is the time that the probe is intentionally resting on the surface and the second component comes from the time required to reach the predefined deflection trigger δ. It has been shown that if t 0 is sufficiently long then the binding probability becomes independent of the probe velocity. 20 Below we consider these cases and therefore assume that binding probability is independent of probe velocity. Binding probability is not measured in experiments directly. It is modulated by the probability of detecting a rupture event. This probability is considered in the section below.
2.2. Detection Limit. Here we assume that a molecular bond is formed between molecules attached to the surface and to the AFM probe. Whether the resulting rupture force is detected depends on the noise level. We consider the detection threshold for measuring rupture forces Φ = ζ 3 ΔF. Here ΔF is the rms force noise and ζ is a signal-to-noise (SNR) ratio that is necessary for the accurate fitting of the stretching part of the data to the polymer model. 23 The rms force noise contains the instrument white and DC noise and cantilever thermal noise components. Therefore the force threshold can be written as 24,25
Here k B T is the thermal energy, κ c is the cantilever spring constant, B is the detection bandwidth, ω 0 is the angular resonant frequency of the cantilever, Q is the quality factor, ΔF white is the white noise, and ΔF DC is the DC noise. In an ideal instrument white noise and DC noise are equal to zero, however in actual measurements they differ from zero and can be determined experimentally.
The data are often recorded by approximately maintaining the density of data points per displacement distance of the probe. Therefore, the detection bandwidth becomes a function of the probe velocity v and the density of data points D N recorded per unit distance. Thus eq 2 becomes
The rupture force of an individual bond is a stochastic property. Initially we examine the most probable rupture forces for the simplicity of the argument. The most probable rupture force F* of an individual bond is approximately proportional to the logarithm of the probe velocity.
2,26 Microscopic models 11, 12 predict a deviation of F* from the logarithmic dependence, however this deviation is usually small in AFM-based measurements. 14 Comparison of the log(v) function with the dependence given by eq 3 immediately suggests that if the F* is above the noise threshold at some probe velocity, it will fall below that threshold for sufficiently low and high velocities. Figure 2 compares the noise threshold computed by eq 3, using realistic parameters, shown in the figure, and the most probable forces, computed by a model that takes into account polymeric tether stiffening by using the freely jointed chain (FJC) model. 27 Comparison of the detection threshold Φ and the most probable rupture forces F* computed for different dissociation rates confirms the above suggestion about the noise thresholds in rupture force detection. Also shown in the figure is a noise threshold for the rupture force detection with the SNR ζ = 1. It can be noted that the most probable forces are mostly above this threshold. However measurement of the loading rate by linear fitting at the rupture point requires that a relatively short part of a force curve is analyzed because of the nonlinear tether elasticity. Therefore low SNR in the force detection will result in large error in measuring the loading rate. This error can be decreased by increasing the number of acquired data points, but such improvement is limited by the noise that increases when the detection bandwidth approaches the resonance frequency of the cantilever. 25 Therefore we use a SNR higher than 5 to accurately measure the loading rate.
To estimate the noise effects on the detection probabilities, we need to consider the probability density of rupture forces. The rupture forces below the noise threshold will remain undetected. The probability to detect rupture forces is therefore proportional to
Here p D is the probability to detect the bond rupture at the noise threshold Φ, p(F) is the probability density function of rupture force F, and S is the bond survival probability. Figure 3 shows the detection probabilities calculated using eq 4 using the same model and parameters as in Figure 2 . 2.3. Optimal Detection Velocity. Calculations shown in Figure 3 indicate that the detection probability has a maximum value as a function of a probe velocity and it decreases rapidly for high probe velocities. The significant decrease in the detection probability limits the range of useful high velocities below the limit determined by the drag forces. 28 By setting dp D /dv = 0 the velocity of the maximum detection probability can be determined (henceforth called the optimal detection velocity). We consider dissociation reactions described by the first-order kinetics where dependence of the survival probability on the pulling force is 29 SðFÞ ¼ expð-
Here k(F) is the force-dependent dissociation rate of a molecular bond, and v F (F) = dF/dt is the loading rate. For pulling experiments with polymeric tethers the loading rate is ν F (F)=ν/(κ c -1 þ l 0 (F)) where v is the pulling velocity, κ c is the spring constant of a force sensor, and l(F) is the force-dependent length of a tether; the prime denotes differentiation with respect to force. 14 Therefore, the optimal detection velocity v 0 can be obtained by solving the transcendental equation:
Here the dependence of the noise threshold Φ on probe velocity is given by eq 3. Using a general expression for the force-dependent dissociation rate 30 kðFÞ ¼ k 0 R F 0 dfx ‡ ðf Þ=ðk B TÞ, it can be noted that the optimal detection velocity is independent of the dissociation rate at zero force k 0 . In this section only the Bell-Evans model for the dissociation rate dependence on force is considered for simplicity.
2 According to this model,
, where F ‡ =k B T/x ‡ and x ‡ is a force-independent distance between the equilibrium and the transition states. We note that other dependencies of the dissociation rate on force can be considered.
11-13,17,30 If the tether is nearly linear (that is, if κ c -1 þ l 0 (F ) ≈ const) then using eqs 3 and 6 we obtain a simpler transcendental equation that can be solved recursively:
In addition, if the ΔF DC noise component in eq 3 is negligible, then the solution of eq 7 is equivalent to the solution of the transcendental equation
) that has an approximate solution of F ‡ ≈ 0.62750Φ(ν 0 ). Therefore, in the linear tether approximation and with negligible DC noise (white noise still can be included in Φ) and with the empirical BellEvans dissociation rate dependence, the barrier width x ‡ can be directly determined from the optimal detection velocity v 0 as
Equation 8 provides a convenient method of estimating the barrier width; however, application of this equation to measurements performed with nonlinear polymeric tethers might produce noticeable systematic error. 27 For example, optimal velocity of 810 nm/s can be determined from plots shown in Figure 3 . Using this value in eq 8 gives the barrier width of 0.61, a 50% overestimate of the original barrier width. Neglect of the tether effects and of the DC noise both contribute to this large inaccuracy. A significantly more accurate result can be obtained when a nonlinear model of tether elasticity is employed and all noise sources are considered. We note that analytical integration in eq 6 cannot be performed when the freely jointed chain (FJC) model of tether elasticity is used for l(F). An approximation to the FJC model that allows integration in eq 6 can be used to obtain the recursive equations for the optimal detection velocity and for extraction of the barrier width. The resulting equations are cumbersome and therefore included in Supporting Information. Calculations of the detection probability using the exact FJC model and approximate FJC model (Eq. S1 in the Supporting Information file) are compared in Figure 3 . Calculations by these models show little variation.
2.4. Extracting Kinetic Parameters from Detection Probability. As noted above, the optimal detection velocity approach permits extraction of the barrier width but does not provide information about the dissociation rate. However, the dissociation rate affects the shape of the detection probability dependence on velocity and this dependence can be used to extract both x ‡ and k 0 parameters. Probability to measure a rupture event depends on the product of detection probability and binding probability. If the binding probability is the same for all probe velocities (as discussed in section 2.1), then the probability to measure rupture events p M can be used in the least-squares regression analysis that minimizes error E:
Here, the sum is taken over all probe velocities and function p D is a function of kinetic parameters as provided by eqs 4 and 5; ε is the binding probability. Figure 4 shows that the dependence of p M on probe velocity for different dissociation rates does not overlap at probe velocities away from the optimal detection velocity v 0 . Therefore both x ‡ and k 0 can be extracted from nonlinear leastsquares regression analysis. Fitting of the binding probability ε can be avoided by normalizing probabilities by the mean value:
Moreover, using this regression analysis does not require that all the data are collected with the same density of points D N . Therefore data measured with somewhat different D N values can be used in analysis, simplifying the methodology of experiments. In addition, the sum in eqs 9 and 10 can include results obtained by using different values of signal-to-noise ratio. We use this approach in analysis of experimental data as described below. 2.5. Multiple Bond Ruptures. Several bond ruptures can be measured during one pulling experiment. 31 If these ruptures are independent events occurring in parallel, all of these events should be included in the measured probability p M . (Consequently p M and ε can be larger than unity.) In double-tether experiments 6, 32 only events at the sip-sample separation corresponding to stretching of two tethers should be included in p M . Also in experiments that use only one tether (for example, to attach molecules to the probe) only ruptures occurring after the probe disengages from the substrate should be considered. However, multiple bonds can be ruptured within a single rupture event. 16, 23 Multiple bonds rupture at forces higher than a single bond. Therefore the detection probability with such multiple bonds present in the measurement will be different than the detection probability with only single bonds. Consequently, multiple ruptures might offset the extracted kinetic parameters. To account for multiple ruptures, the survival probability in eq 4 can be calculated to explicitly include the two-bond rupture events using the previously developed model as briefly described below.
16,23
3. Materials and Methods 3.1. Sample Preparation. Probability to detect rupture events was analyzed for data collected with two different types of samples. In one set of experiments we tested specific receptor-ligand interactions between biotin and streptavidin. Here streptavidin molecules were covalently immobilized on the glass coverslip substrate and biotin molecules were covalently attached to the silicon nitride probe with poly(ethylene glycol) linkers with molecular mass of 3400 Da (PEG3400). In another set of measurements, hydrophobic interactions between alkanes in water have been studied. In these measurements, linear alkanes with 14, 16, and 18 carbon atoms were tethered at one end of the alkane chain to the substrate and to the AFM probe (double-tether approach). 7, 22 Tethering was performed using water-soluble PEG3400 linkers. Sample preparation procedures and experimental procedures are described in detail elsewhere. ). Then the data were converted to force versus separation data where compressive force is positive and tensile force is negative. After this the point-to-point difference between force values was calculated, and adjacent regions with positive values of the pointto-point difference were joined together. This produced a large number of possible candidates for the rupture transitions. These candidates were filtered using a force threshold value that was determined as a multiple of the force noise ΔF. Next the distance filter was applied to the remaining events: only the rupture events that occurred in a predetermined range of force-sample separation values were counted (see Figure 5) . For biotin-streptavidin data collected using the single-tether arrangement, we used a range from 10 to 50 nm as a distance filter. For data collected with alkane samples in a double-tether arrangement, we used a range from 35 to 70 nm as a distance filter. For force thresholds, we used different values corresponding to the SNR from 7 to 16. These SNR values usually correspond to force thresholds between ∼15 and 130 pN. Because of the high threshold values no events resulting from random noise were expected to contribute to the counted events. This was confirmed by applying the force threshold filter to parts of force curves that are sufficiently far from the surface. A more elaborate procedure for automated selection of rupture events is necessary to include rupture events with considerably lower values of SNR. The measured rupture probability was determined by dividing the number of rupture events remaining after the filtering by the total number of force curves. The normalized rupture probability is then calculated by dividing the measured rupture probability by average rupture probability collected with different probe velocities and analyzed with different threshold levels.
The differential force values that were compared to the threshold values were produced by joining the adjacent regions with the same slope, as indicated above. Consequently, the random noise contributes to the differential force values. Therefore the threshold values Φ to be used with eqs 4 and 5 were obtained from the threshold SNR values ζ th (in units of the rms noise) by Φ=(ζ th -2 1/2 )ΔF, where ΔF is the measured rms noise. This procedure eliminates the noise contribution to the rupture force data and helps to avoid the associated artifacts. 33 Calculation of the survival probability using eq 5 requires selection of a physical model to calculate tether stretching. Because we used PEG tethers the extended FJC model was employed. 7, 34 This model considers the force-driven transition between helical and planar conformation of PEG chain. For data collected using the single-and double-tether approaches we used a different number of PEG units corresponding to the actual PEG used here: 80 and 160 monomers, respectively. All other parameters were the same as in the original publication. 34 Measured dependencies of p M on probe velocity and force threshold values were fit by minimizing the least-squares error given by eq 10. The detection probability p D on the right-hand side of eq 10 was calculated as a sum of detection probabilities for one-and two-bond ruptures. Then according to eq 4 p D is written as
where the first term on the right-hand side corresponds to ruptures of one bond and the second term corresponds to ruptures of two bonds; f 1 is the relative probability of one-bond rupture; F 1 is the force on a shorter tether in two-bond arrangement. This force is calculated using the high-force asymptote of the FJC model as described previously. 16 For calculating one-bond survival probability according to eq 5 three kinetic models were considered: the Bell-Evans model (below called "B-E" model), 2 model of the paraboloidal potential with the cusp barrier 11,13 (below called the "cusp" model) and model of the cubic-linear potential 12,13 (below called the "cubic" model). These models provide different dependencies of the bond dissociation rates on pulling forces by making different assumptions about the shape of the potential of mean force. Calculation of the survival probability that includes effects of polymeric tethers and effects of different kinetic models is described previously 16, 23 and used here without change. In previous applications of the two-bond model we have considered overall force exerted by a force sensor at the moment of rupture.
Here we use values of a "jump force": the difference between the force values at the beginning and at the end of rupture transition. 35 Consequently in application of the two-bond model to fit experimental data the maximum relative difference between lengths of two tethers 16 was kept constant at a relatively small value of 0.05.
Results and Discussion
Typical force curves with automatically selected rupture events are shown in Figure 5 . Examples of transitions that are accepted or rejected during data analysis are shown by different symbols as indicated in the legend. The majority of analyzed force curves (>90%) did not contain events that pass through the threshold filters described in section 3.2, while some force plots contained more than one event as indicated in the graph.
Normalized rupture probabilities for two separate biotinstreptavidin experiments were fit by eq 10. The least-squares fitting was performed using three kinetic models. Examples of data and fit curves are shown in Figure 6 . Extracted kinetic parameters are included in Table 1. For comparison this table also includes  kinetic parameters obtained previously using the histogram fitting  method. 23 It has been proposed that all kinetic parameters can be obtained from force spectroscopy measurements independently. , as previously. 23, 36 However, values in the range 10 9 -10 10 s -1 for the pre-exponential factor has been reported. 37 Therefore, random errors for the barrier height ΔG ‡ given in Table 1 are probably lower that the systematic error arising from uncertainty in A. The barrier width parameters x ‡ obtained here for different samples and values reported previously are well within errors of the measurements. Therefore we think that kinetic parameters extracted from analysis of detection probability are related to the The same data analysis (though with different distance filter as described in section 3.2) was performed with the velocity dependence of rupture probability measured for three alkane samples. Examples of normalized rupture probability data and fit curves are shown in Figure 7 . Extracted kinetic parameters are included in Table 2 . There we also show kinetic parameters obtained previously using the histogram fitting method.
22
Results in Table 2 show that kinetic parameters extracted for hydrophobic interactions between alkanes using the detection probability are considerably different from kinetic parameters extracted using the histogram fitting method. For the tetradecane sample the barrier width x ‡ is considerably lower than that reported previously while for hexadecane and octadecane samples x ‡ is considerably higher. This contrasts the observations made above about the similarity in the two analysis methods for specific biotin-streptavidin interactions.
The detection probability method developed in this work is sensitive to the decrease in probability of occurrence of low rupture force events. If measured rupture forces report on unbinding from a unique free energy well, then kinetic parameters extracted using this method should be similar to kinetic parameters extracted by the histogram fitting method. However, if kinetic parameters obtained by two methods are different, then this might be an indication that the bound state prior to the rupture is heterogeneous. In the data analysis approach by Raible et al, large heterogeneity in the barrier width x ‡ is used to explain the appearance of the high force tail in the distribution of rupture forces. 38 We note that the two-bond model that we applied in our data analysis satisfactory explains the appearance of the high rupture forces in the distributions as discussed earlier. 16, 22, 23 Therefore, the heterogeneity of bonds between alkanes inferred here likely originates from heterogeneity in the binding state of the individual single bond probed and not from heterogeneity in a number of bonds broken during a single rupture event. Such heterogeneity of the bound state likely originates from the occurrences of rupture events from various structurally distinct arrangements of alkane molecules in the dimer. Previously, we have suggested that linear alkanes with the chain length in the range used in this work collapse upon dimerization. 8, 22 Results obtained here indicate that it is likely that this collapsed state is not unique but might comprise a different geometrical arrangement of alkanes.
Conclusions
Here we have considered the detection probability of rupture events in force spectroscopy when the probability to form a molecular bond is independent of the probe velocity. The developed model indicates that for a noise-limited detection the probability as a function of probe velocity might have a maximum at a particular value of probe velocity (optimal detection velocity). Furthermore, this optimal detection velocity is independent of dissociation rate and depends on the width of the potential barrier to dissociation and on noise characteristics of the instrument. This model explains the appearance of the maximum in the detection probability reported previously in force spectroscopy measurements of hydrophobic interactions. 22 Also, it is proposed that detection probability dependence on probe velocity can be used to extract kinetic parameters of dissociation. In contrast to the probability-based method proposed by Dudko et al, 30 the method used here allows straightforward incorporation of simultaneous rupture of two molecular bonds. This is achieved by using the specific models of force-driven dissociation kinetics. When applied to measurements of biotin-streptavidin interactions, this method gives kinetic parameters similar to parameters obtained using other methods. In contrast, the results obtained for interactions between linear alkanes in water indicate possible structural heterogeneity of the bound state. We also note that this method can be used to estimate kinetic parameters for dissociation between molecules with relatively high dissociation rates where application of the loading rate-based data analysis approach is hindered. These might include other specific (e.g., receptorligand, antibody-antigen, enzyme-inhibitor, etc.) or nonspecific interactions.
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